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Abstract 
An explicit finite element (FE) model of a tennis ball impact on a freely suspended racket was produced in Ansys/LS-DYNA 
10.0. The geometry for the racket frame was reproduced in the FE model using a non-contact laser scanner. The model was 
validated against experimental data obtained using the fully automated International Tennis Federation Racket Power Machine. 
The root mean squared error between the model and experimental data was 1 m·s-1 for the rebound velocity of the ball for typical 
velocities of over 40 m·s-1. The method can be applied to different rackets and other sports equipment to determine rapidly the 
performance characteristics of new designs. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Tennis rackets have evolved considerably since the origins of the modern game at the end of the 19th century. 
Rackets are now lighter and stiffer than they were 130 years ago [1]. The majority of the changes to the tennis racket 
have occurred since the 1970s [1], mainly due to composites replacing the traditional construction material wood [1-
6]. It is imperative for the International Tennis Federation (ITF) to accurately predict how future developments in 
tennis racket design may affect the game. Tennis equipment manufacturers must also have an in-depth 
understanding of how design changes will affect the performance of a particular racket. One way of doing this is 
through Finite element (FE) models which have been used by previous authors to further the understanding of sports 
equipment [7-13]. 
A previous FE model by Allen et al. [14] was successfully validated as a good representation of a freely 
suspended ITF branded tennis racket (carbon-fibre construction). A freely suspended racket is currently the best 
representation of a player's grip [15]. The geometry for the racket frame in the FE model was created by the authors 
in a Computer Aided Design (CAD) package. Therefore, the geometry was only a simplified approximation of the 
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actual racket frame. Previous authors have used a non-contact laser scanner to produce geometries for use in 
computational fluid dynamics (CFD) simulations [16-19]. Using a scanner to reproduce geometry in a computer 
simulation has a number of advances over using a CAD package. The principal advantage is that a model can be 
produced when there is no CAD geometry available e.g. an old or competitor's product. When producing an FE 
model it is imperative that it is compared with experimental data to verify its accuracy.  
The ITF use a bespoke racket power machine (codenamed MΨO) to quantify the performance of a tennis racket 
[4, 20]. The MΨO is capable of simulating normal non-spinning impacts between a tennis ball and racket at a range 
of velocities and locations on the long axis of the stringbed. Goodwill et al. [20] successfully validated the MΨO 
using a high-speed video camera, demonstrating that it provides comparable results to a freely suspended racket. As 
the MΨO is fully automated it is more efficient for collecting experimental data than the equivalent of firing a ball 
against a freely suspended racket [20]. The MΨO can be used to compare tennis rackets but it is not capable of 
predicting how changing the construction materials of a particular racket will affect the performance.
The aim of this paper is to produce and validate an accurate FE model of an impact between a tennis ball and 
racket. To ensure a good representation of the actual racket frame, a non-contact laser scanner will be used to obtain 
the geometry. The MΨO will be used to obtain experimental data to verify the accuracy of the FE model. The FE 
model will be validated for a range of velocities and impact locations. 
2. Experimental method 
An ITF branded tennis racket, strung at 267 N (60 lbs), was tested with the MΨO. The MΨO swings the racket 
vertically at a constant velocity about an axis located 0.161 m from the butt. The tangential racket velocity is 
measured automatically by the MΨO software at a nominal radius located 0.7 m from the pivot. As the racket 
approaches the top of the swing a ball is dropped from above at the required time to simulate an impact at the 
requested location on the long axis of the stringbed. The rebound velocity of the ball is obtained automatically for 
each impact using light gates. For full details of the MΨO and its validation refer to Goodwill et al. [20]. Nominal 
racket velocities of 25, 30 and 35 m·s-1 were used in this investigation. The measured translational velocities were 
slightly different to the nominal velocities, as found by Goodwill et al. [20] (Table 1). Therefore, the results 
obtained from the MΨO were normalised to the nominal velocities. Six impacts were simulated at 7 nominal 
locations for each velocity. In total 42 impacts were simulated at each velocity. 
Table 1 Nominal translational velocity and measured translational velocity for each racket. (Translational velocity measured at 0.7 m from 
rotational axis)
Nominal translational velocity (m·s-1) Measured translational velocity (m·s-1) Difference (%) 
25 25.6 ± 0.3 2.5 
30 30.6 ± 0.4 2.1 
35 35.6 ± 0.4 1.6 
3. Finite element model 
A FE model of a tennis ball and freely suspended racket was constructed in Ansys/LS-DYNA 10.0 (Ansys, 
Canonsburg, US). The model was based on the racket model published by Allen et al. [7], with the CAD geometry 
for the racket frame replaced with scanned geometry. 
3.1. Geometry 
The main objective of this paper was to create an accurate FE model of a tennis racket from scanned data. A 
Model Maker D100 non-contact laser scanner (Metris, Leuven, Belgium) was used to produce a point cloud 
representation of an ITF branded tennis racket. The racket frame was fitted with grommets, a bumper guard and a 
grip. A dusting of crack developer was applied to the racket frame to reduce surface reflection and aid the scanning 
process. The point cloud data was converted into a polygon mesh, using Geomagic Studio 8 (Geomagic, Durham, 
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USA), to create a preliminary surface. Damaged areas and holes in the surface were repaired using the curvature of 
the surrounding geometry. The surface was then decimated to reduce the overall number of polygons. A Non-
Uniformed Rational B-Splines (NURBS) model was constructed from the polygon mesh. Datum points were created 
at the location of the grommets and the geometry was exported as an IGES file. For further details of the method 
used to produce geometries using a non-contact laser scanner, refer to Hart et al. [17] and Hart et al. [18]. 
The geometry for the interwoven stringbed was created in the CAD package Pro Engineer Wildfire 2.0 
(Parametric Technology Corporation, Needham, USA). The stringbed geometry was parametric; this means it can be 
easily updated to accommodate different racket frame geometries. The IGES file containing the racket frame 
geometry was imported into Pro Engineer and assembled with the stringbed. Grommet holes with a diameter of 
0.002 m were reproduced in the racket frame using the datum points created previously. The assembly consisting of 
the racket and stringbed was imported directly into Ansys/LS-DYNA 10.0 using the Ansys Connection for Pro 
Engineer.
3.2. Details of the finite element model 
The racket had an overall length of 0.685 m and a head size of 0.35 × 0.27 m. The frame was separated into three 
parts, labeled head, throat and handle to allow the mass distribution of the racket to be adjusted, as per Allen et al.
(14). A linear elastic material model (MAT_ELASTIC) was used for the racket frame which was meshed with 
15,613 shell elements (SHELL163). The elements were 2 mm thick in the head and throat and 3 mm thick in the 
handle. The mass and mass distribution of the racket frame in the FE model were set to correspond to the ITF 
branded racket (Table 2). Cross [21] stated that the swingweight of a tennis racket is primarily determined by its 
length, mass and balance point. Modal analysis was undertaken on the racket frame to determine the relationship 
between effective modulus and natural frequency. The Poisson's ratio was kept constant at 0.3 during the modal 
analysis. An effective modulus of 15 GPa was used in the model as this resulted in a natural frequency within 2% of 
the ITF branded racket. The interwoven strings were meshed with 53,681 8-node brick elements (SOLID164). A 
load of 267 N was applied to a rigid cylinder at both ends of every string during the dynamic relaxation phase of the 
simulation. The strings were tied to grommet holes in the racket frame during the transient phase of the simulation, 
using CONTACT_TIED_SURFACE_TO_SURFACE. The individual strings were free to move at their intercepts; 
contact was defined using CONTACT_SURFACE_TO_SURFACE with a coefficient of friction (COF) of 0.1. 
Table 2 Properties of the unstrung racket in the FE model and the ITF branded racket.  
Racket Mass (kg) Balance point from But (m) Mass moment of inertia about Butt (kg·m2) Natural frequency (Hz) 
FE model 0.336 0.341 0.0505 137 
ITF branded 0.330 0.325 0.0534 134 
Difference (%) 1.9 4.8 -5.7 1.9 
4. Comparison of the finite element model to the MΨO 
The objective of this paper was to compare ball rebound velocities from the MΨO with those from an FE model 
of a tennis racket. In the MΨO a moving racket impacts a ball which is assumed to be stationary. In the FE model a 
tennis ball is projected onto a stationary freely suspended racket. Therefore, in order to perform the FE simulations 
the Newtonian frame of reference was changed from a moving racket impacting a stationary ball to a moving ball
impacting a stationary racket. As the racket was rotating in the MΨO the resultant velocity was dependent on the 
impact distance from the pivot [20]. The angular velocity for each of the nominal tangential velocities is shown in 
Table 3. The angular velocity of the racket was used to calculate the resultant tangential velocity for each of the 
impact locations in the FE simulations. A direct comparison between the ball velocities obtained from the MΨO and 
FE model could not be performed without changing the Newtonian frame of reference [20]. Therefore, the 
Newtonian frame of reference for the FE results was changed from a moving ball impacting a stationary racket to a 
moving racket impacting a stationary ball. 
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Table 3 Inbound ball velocity at the 5 impact locations used in the FE simulations for the 3 nominal racket velocities.
Translational 
velocity 
(m·s-1) 
Angular 
velocity 
(rad·s-1) 
Velocity 0.07 m 
below GSC 
(m·s-1) 
Velocity 0.035 m 
below GSC 
(m·s-1) 
Velocity 
GSC 
(m·s-1) 
Velocity 0.035 m 
above GSC 
(m·s-1) 
Velocity 0.07 m 
above GSC 
(m·s-1) 
25 35.7 21.5 22.7 24.0 25.2 26.5 
30 42.9 25.8 27.3 28.8 30.3 31.8 
35 50.0 30.1 31.8 33.6 35.3 37.1 
Non-spinning impacts normal to the face of the racket were simulated in the FE model at 5 locations on the 
stringbed, for each nominal velocity (Table 3). The inbound velocity of the ball was assigned in the FE simulations 
using INITIAL_VELOCITY _GENERATION. The initial ball velocity, impact location on the stringbed and racket 
properties were all defined using the Tennis Design Tool (TDT) [25]. Five FE simulations were undertaken for each 
nominal velocity, resulting in a total of 15 simulations. An example of an impact with a velocity of 28.8 m·s-1 at the 
geometric stringbed centre (GSC) is shown in Figure 1. 
Figure 1 Images from the FE model for a perpendicular impact at the GSC at 28.8 m·s-1. 
In the MΨO the rebound velocity of the ball was measured using light gates, which are located 1.5 m from the 
impact point [20]. Assuming the long axis of the racket is vertical at the point of impact, the light gates measure the 
rebound velocity of the ball in a direction normal to the face of the stringbed. Therefore, the perpendicular velocity 
from the FE model was compared with the MΨO data, as opposed to the resultant velocity. A simple trajectory 
model was applied to the FE results to predict the velocity of the ball when it had travelled 1.5 m after the impact. 
As an indication the ball decreased by 0.6 and 0.8 m·s-1 for initial velocities of 30 and 45 m·s-1, respectively. Figure 
2 provides the reader with an overview of the entire process of producing and validating the FE model.
Figure 2 Flowchart to show the method of producing and validating a FE model of a tennis racket
3278 T. Allen et al. / Procedia Engineering 2 (2010) 3275–3280
T. Allen et al. / Procedia Engineering 00 (2010) 000–000 5
5. Results 
Figure 3a shows a comparison of the rebound velocity of the ball from the MΨO and FE model. There are 3 sets 
of data corresponding to the nominal pre-impact racket velocities of 25, 30 and 35 m·s-1. The experimental data, 
obtained using the MΨO, shows that the rebound velocity of the ball increased with the impact velocity. The 
rebound velocity of the ball was highest in a region between the GSC and the tip and lowest at the throat. The FE 
model was in relatively good agreement with the experimental data. Rebound velocities were overpredicted for the 
impacts in the tip region, which indicates that the model does not account for all the energy losses. Second order 
polynomial trend lines were fitted to the results obtained from the FE models. The equations of these lines were used 
to obtain a rebound velocity for each of the experimental impact velocities, as shown in Figure 3b. The root mean 
squared error (RMSE) between the FE model and experimental data was 1 m·s-1 for the rebound velocity of the ball. 
  
Figure 3 Comparison of ball rebound velocity sampled by the MΨO and calculated by the FE model.
6. Discussion 
The aim of this investigation was to construct and validate an FE model of a tennis ball impact on a racket. The 
FE model was in good agreement with experimental data for a range of velocities and impact locations. The 
marginal discrepancies between the two sets of data could be due to errors within the FE model and the 
experimental data. Any error in the FE model is likely to be due to the linear material model which was used to 
simulate the racket frame. Further work could involve investigating the suitability of an anisotropic material model 
to simulate the fibre composites in a modern racket frame. Any errors in the experiment could be due to 
discrepancies in the actual and calculated impact velocities and locations.  
The MΨO simulates impacts normal to the face of the racket, which are assumed to be a good representation of a 
serve [20]. The results indicate that a player could achieve the maximum serve velocity by swinging the racket as 
fast as possible and impacting the ball 0.02-0.04 m above the GSC. An oblique spinning impact corresponds to a 
groundstroke from an elite player [26]. Therefore, the FE model should also be validated for oblique spinning 
impacts. Ideally, a fully automated test rig should be developed for sampling data for oblique spinning impacts 
between a tennis ball and racket.  
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7. Conclusion 
An FE model of a freely suspended tennis racket was compared against experimental data for impacts normal to 
the face. The RMSE between the model and experimental data was 1 m·s-1. The racket in the FE model was a very 
good representation of the actual racket as the geometry was reproduced using a non-contact laser scanner. The 
experimental data was collected using the fully automated MΨO. The MΨO allows experimental data to be obtained 
in a short time frame, which is essential if the validation of the model is part of the design and development of a 
particular racket. The method in this paper can be applied to different rackets and could be used to determine the 
influence of adjusting parameters such as mass and structural stiffness. The principles could also be applied to other 
sports equipment such as squash rackets, cricket bats, baseball bats or hockey sticks. 
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